Miokovic T, Armbrecht G, Felsenberg D, Belavý DL. Heterogeneous atrophy occurs within individual lower limb muscles during 60 days of bed rest.
Within an individual muscle, however, it is often assumed in the literature that muscle atrophy is greatest at the point of greatest cross-sectional area (CSA) (30) . In searching the literature, we have identified works in bed rest (2, 3) and spaceflight (1) that provide insight into this issue. In these works, the knee extensors and plantar flexors were considered as a whole, and it was found that muscle atrophy was indeed typically greatest at the point of greatest CSA. It has, however, been reported that quadriceps muscle hypertrophy differs along its length in response to exercise (31) , which suggests that, within the same muscle, specific regions are recruited differently. A further example of differential muscle recruitment can be found in a functional magnetic resonance imaging study of knee extension exercises, which demonstrated that the distal part of rectus femoris is recruited greater than its proximal section, with the relationship reversed for the vastus lateralis (4).
This selected "regional" recruitment of muscle during functional tasks has been previously referred to as "muscle partitioning" (19) . The muscle-partitioning hypothesis describes muscles as being divided into separate regions or neuromuscular compartments as defined by differences in muscle architecture and innervation patterns. A number of studies in humans have demonstrated that muscles are partitioned into architectural subdivisions (35) and show regional differences in fiber-type distribution (18, 26) and innervation patterns (15, 45) . Presumably, these different muscle subregions would have slightly different functions. Potentially, this could mean that atrophy of an individual muscle is not consistent along its length and that the effect may not relate to where a muscle is largest. Thus the questions we wished to investigate in this study were as follows: does differential regional atrophy occur within individual muscles during prolonged bed rest? Also, does this differ from one muscle to the next in the lower limb? Aside from better understanding of muscle atrophy, this information will provide us with more information regarding compartmentalization of function within individual muscles.
Our hypothesis was that intramuscular differential atrophy would occur within muscles of the lower limb but that its pattern would be muscle specific. The 2nd Berlin BedRest Study (BBR2-2) (12) provided the opportunity to assess this hypothesis. Additionally, as part of this bed rest project, the opportunity arose to examine muscle recovery up to 180 days after 60-day bed rest, a process that has not been investigated in detail to date.
MATERIALS AND METHODS
Ethical approval, bed rest protocol, and subject characteristics. This study was approved by the ethical committee of the Charité Universitätsmedizin Berlin and conformed to the latest revision of the Declaration of Helsinki. All subjects gave their written informed consent. Nine medically and psychologically healthy males [age 33.1(7.8) yr, height 181.3(6.0) cm, weight 80.6(5.2) kg] were randomized to an inactive control group in the BBR2-2 and received no form of countermeasure. The study protocol and screening process is discussed in detail elsewhere (12) . In brief, however, subjects attended the facility for the baseline data collection (BDC) from 9 days before a 60-day six-degree head-down tilt (HDT) bed rest period and remained in the facility for a 7-day post-bed rest recovery period (Rϩ1 to Rϩ7). During the HDT phase, subjects performed all hygiene activities in the HDT position, were required to move in bed only to the extent necessary for hygiene and meals, and were not allowed to stand up for any reason. After bed rest, subjects returned to the facility for follow-up appointments 14, 90, and 180 days post-bed rest (Rϩ14, Rϩ90, Rϩ180). Exclusion criteria specifically relevant to the current study were any muscle or bone disease, any kind of cartilage or joint disease, prior knee surgery, performance of resistive exercise in the last 6 mo, or participation in competitive sport in the last 5 yr. After discharge from the facility 7 days after bed rest, subjects returned to their daily lives. Subjects completed a physical activity questionnaire (7), which showed no significant differences 180 days after bed rest compared with before bed rest (9) .
The sample size of the BBR2-2 was based on bone parameters (11) and not the parameters of the current study. On the basis of data from a prior study (13) , we estimated a correlation of 0.95 between repeated measures of muscle CSA at the point of greatest soleus muscle CSA and a between-subject standard deviation of 13.0% (relative to the mean CSA). Given these data and assuming a power of 0.8 and an ␣-level of 0.05, the current study design, with one baseline measure and two following measures during bed rest, should be able to detect a 1.9% difference in muscle atrophy between subsections of the soleus muscle. G*Power version 3.1.2 (http://www.psycho.uni-duesseldorf.de/ abteilungen/aap/gpower3/) was used for these calculations.
Magnetic resonance imaging protocol. MRI was conducted in the horizontal supine position 9 or 8 days before bed rest (BDC), on day 27 or 28 (HDT27/28) of bed rest and then on day 55 or 56 (HDT55/ 56) using a 1.5T Siemens Avanto scanner with a peripheral angio matrix coil (Erlangen, Germany). Follow-up scanning was done 14, 90, and 180 days after bed rest (Rϩ14, Rϩ90, Rϩ180). Cushions provided by the MRI manufacturer were positioned behind the knee to support the joint in slight flexion, and the MRI coil positioned over the legs ensured the subject did not need to actively contract their lower-limb muscles to maintain position. The MRI coil placed over the legs and feet helped to standardize ankle and foot position. To allow time for shift of body fluids from the extremities (16), subjects remained in horizontal lying for at least 2 h before each scanning session. During the HDT bed rest phase, beds were placed in the horizontal position 2 h before scanning to ensure comparability to preand post-bed rest data.
Depending on subject height, up to 180 axial images (slice thickness 6 mm, inter-slice distance 0.6 mm, echo time: 36 ms) were collected to encompass the left and right sides of the body from the iliac crest to the end of the lateral malleolus. Scan regions were divided into three blocks at the hip (repetition time: 8,000 ms, field of view: 420 ϫ 294 mm interpolated to 320 ϫ 224 pixels), thigh (repetition time: 5,820 ms, field of view: 450 ϫ 270 mm interpolated to 320 ϫ 192 pixels), and calf (repetition time: 6,190 ms, field of view: 400 ϫ 200 mm interpolated to 320 ϫ 160 pixels). The images were stored for offline analysis.
Image analysis and further data processing. Each dataset was coded with a random number (www.random.org) to blind the operator to study time point. The same experienced operator (T. Miokovic) used ImageJ (http://rsb.info.nih.gov/ij/) to measure the area of muscles of the lower limb in every image on the left and right sides of the body (Fig. 1) . The first few and last few slices for each muscle typically contained a mixture of muscle (gray) and tendon (black) although the two were usually straightforward to distinguish. Intramuscular fat and nerves were carefully traced around during measurements. After measurement of a subject's entire data, the data were plotted and checked visually by the operator and last author, while maintaining blinding, to screen for any errors such as measurements being pasted into the wrong section of the data entry spreadsheet. The volume of each muscle was calculated via linear interpolation, given the slice thickness of 6 mm and inter-slice gap of 0.6 mm. The length of each muscle in centimeters was calculated based on the number of images in which it was present and the slice thickness and gap settings.
Because the lengths of muscles differed from one individual to the next, to permit examination of intramuscular differences in CSA loss during bed rest, it was necessary to standardize the length of each muscle measured. Each set of CSA measurements from each muscle, measurement day, and subject was linearly interpolated into 21 individual CSA measurements. Each area measurement was interpolated at 5% intervals of total muscle length such that 0% was at the proximal end of the muscle, 50% at the middle of the muscle, and 100% at the distal end of the muscle. This interpolation algorithm was implemented via custom written software in the Labview environment (version 6.1, National Instruments, Dallas, TX). Data from the left and right sides of the body were then averaged before statistical analysis. Left and right side differences in atrophy were 5.5% in pectineus at end-bed rest and otherwise less than 2.5% in the remaining muscles.
Statistical analysis. To test the hypothesis that the extent of atrophy differed across the length of each muscle, percentage change in CSA at each position along the length of each muscle in the bed rest phase was evaluated. The factors of length (0%, 5%, . . . , 100% of muscle length), study date (HDT27/28, HDT55/56), and their interaction were modeled. Allowances for heterogeneity of variance were made for the position of across the length of the muscle. Linear mixed-effects models (32) were implemented. Where the length factor or studydate ϫ length interaction were significant, this indicated that intramuscular differential atrophy occurred.
Correlation analyses were performed to examine whether the region of greatest muscle atrophy, in percentage terms, correlated with the location of greatest muscle CSA. Mean estimates from statistical modeling of baseline muscle CSA along the entire length of the muscle were compared with the mean estimates from percentage change during bed rest vs. baseline. Pearson's correlation coefficient was calculated for each muscle and for all muscles pooled.
To examine whether the rates of atrophy differed between muscles, nonlinear mixed effects modeling was used to calculate exponential decay rates per week of bed rest. To enable this, the volume data from baseline, mid-bed rest, and end-bed rest were converted to fractional change in muscle volume and compared with the pre-bed rest value set as 1 (i.e., a 20% loss in muscle volume was equivalent to 1-0.2 ϭ 0.8 and a complete loss of muscle volume would have been 0). A factor of muscle was examined. Allowances for heterogeneity of variance between muscles were made. Although similar results were achieved with a linear model, given that muscle is of a finite size and a negative muscle volume is not possible, it would be invalid to assume a linear model of muscle atrophy and a model of exponential decay was more appropriate (14) . The nonlinear mixed-effects model calculated an exponential rate for each muscle within each subject. Then the model calculated the mean of all subjects for each muscle and also the variance for each muscle. The R 2 for the exponential decay model including all muscles was 0.87. A series of a priori contrasts was performed between synergistic muscles to examine whether synergistic muscles atrophied at differential rates.
To examine the recovery of the musculature after bed rest, the data on whole muscle volume were used. A study-date effect with a priori contrasts comparing each time point to baseline was evaluated. Linear mixed-effects models were implemented. Similar models were performed to examine changes in muscle length during bed rest. Data on changes in muscle CSA data along muscle length were also evaluated during recovery. Where these findings differed to those provided by volume data, they have been reported.
Adherence to the statistical assumption of normal distribution of residuals was checked visually using quantile-quantile plots. Due to the number of comparisons performed, we considered an ␣ of 0.01 to denote statistical significance, and P values equal to 0.01 but less than 0.05 were considered trends. The nlme package was used for linear mixed-effects modeling in the 'R' statistical environment (version 2.10.1, www.r-project.org). Unless otherwise specified, results are presented as means(SD).
RESULTS
All nine subjects completed the examinations up until day 14 after bed rest. One subject did not return for the 90-and 180-day post-bed rest scanning. Data on muscle length at baseline and muscle volumes before and during bed rest are presented in Table 1 . Only in tibialis anterior was a significant (P ϭ 0.003) effect for changes in muscle length during bed rest observed. The length of this muscle decreased by 3.1(2.6)% (P ϭ 0.0002) at mid-bed rest and 2.3(3.2)% (P ϭ 0.031) at end-bed rest. Values for baseline muscle length and muscle volume before and during bed rest are mean(SD). r : Pearson's correlation coefficient comparing baseline cross-sectional area along the length of the muscle to subsequent atrophy (percentage change in cross-sectional area) at the same point. Negative values imply that larger baseline muscle cross-sectional area correlates with greater subsequent atrophy. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001.
Differential atrophy within individual muscles.
During the bed rest phase, the results from ANOVA showed that differential atrophy occurred within the vasti, adductor magnus, lateral hamstrings, medial hamstrings, rectus femoris, medial gastrocnemius, lateral gastrocnemius, tibialis posterior, flexor hallucis longus, flexor digitorum longus, peroneals, and tibialis anterior muscles (P all Յ 0.004). In adductor longus (P ϭ 0.048) and sartorius (P ϭ 0.049), there was a trend for differential atrophy along the length of the muscles. In adductor brevis (P ϭ 0.20), pectineus (P ϭ 0.51), gracilis (P ϭ 0.95), soleus (P ϭ 0.59), and extensor digitorum longus (P ϭ 0.49), analysis indicated that, if atrophy occurred, it was even throughout the muscles.
In the thigh, adductor magnus atrophy was most pronounced in the proximal third of the muscle (Fig. 2) . In the adductor longus, there was only a trend to suggest differential atrophy occurred within this muscle, with decreases in CSA being concentrated between 40% and 70% of muscle length. In adductor brevis (Fig. 2) , gracilis (Fig. 3) , and pectineus ( Fig. 3) , no significant atrophy occurred. For sartorius (Fig. 3) , atrophy was greatest between 60 and 95% of muscle length, followed by 15 to 40% of muscle length, but this effect was only a trend on ANOVA. Both the vasti and rectus femoris (Fig. 4 ) demonstrated more atrophy toward the proximal end of the muscle, with this effect in the vasti being more prominent at mid-bed rest. The lateral hamstrings demonstrated the greatest losses between 15% to 70% of total muscle length (Fig. 5) , whereas the medial hamstrings displayed the greatest atrophy in the distal half of the muscle.
In the lower leg, tibialis anterior showed the greatest losses between 10% and 55% of its length and the peroneals demonstrated the greatest CSA losses in the proximal 40% (Fig. 6 ). In the toe extensors (extensor digitorum longus), some atrophy did occur but did not differ significantly along its length (Fig.  6 ). Tibialis posterior (Fig. 7) showed consistent atrophy between 5% and 85% of its length. The toe flexors (flexor digitorum longus) displayed the greatest atrophy in the proximal half of the muscle, between 10% to 40% of muscle length, with the flexor of the great toe (flexor hallucis longus), demonstrating atrophy at 25-50% of muscle length and also at the distal end of the muscle. In the calf, atrophy of the medial gastrocnemius (Fig. 8) was greatest between 30% and 100% of its length with a similar pattern of atrophy demonstrated in its lateral counterpart. In the soleus muscle, the extent of atrophy did not differ significantly throughout its volume (Fig. 8) .
Correlation analyses. Correlation analyses were performed between the percentage change in muscle CSA during bed rest and the fraction of total muscle area present at each muscle length. When considered across all muscles on all testing days during bed rest, there was only a weak correlation between the region of greatest CSA at baseline and the subsequent extent of muscle atrophy (r ϭ Ϫ0.30, P Ͻ 0.0001). This correlation, however, varied from muscle to muscle (Table 1) indicating that some, but not all, muscles tended to atrophy at the region of greatest CSA.
Differential atrophy between muscles. Analysis of exponential decay rates of muscle volume loss during bed rest showed that the muscles of the lower limb atrophied at different rates (P Ͻ 0.0001; Fig. 9 ). The fastest rates of atrophy were seen in the posterior calf muscles (specifically gastrocnemius medialis and soleus) followed by the vasti muscles of the thigh, tibialis anterior, hamstrings, and adductor magnus.
The rates of atrophy differed between synergistic muscles. In the adductor muscle group, adductor magnus demonstrated faster atrophy than adductor brevis (P ϭ 0.0008) and pectineus (P ϭ 0.004), but this did not differ significantly to the rate observed in adductor longus (P ϭ 0.055). In the knee extensors, the vasti atrophied faster than its synergist, rectus femoris (P Ͻ 0.0001). For the plantar flexor muscles, both the soleus and medial gastrocnemius displayed faster rates of atrophy (P both Ͻ 0.028) than the lateral head of gastrocnemius. The other postero-lateral muscles of the ankle and foot arch (tibialis posterior, peroneals, flexor hallucis longus, flexor digitorum longus) all atrophied at similar rates. The peroneals, flexor hallucis longus, and tibialis posterior in turn demonstrated a faster rate of atrophy than the tibialis anterior muscle (P Ͻ 0.041). The other dorsiflexor, extensor digitorum longus, atrophied slower than the tibialis anterior (P ϭ 0.002).
Recovery of the musculature after bed rest. Muscle volume recovery after bed rest is presented in Figs. 10 and 11 . The volumes of adductor magnus, adductor longus, sartorius, and extensor digitorum longus, which showed losses during bed rest (Table 1) , were no longer significantly different to baseline 14 days after bed rest. Tibialis anterior, peroneals, flexor digitorum longus, flexor hallucis longus, tibialis posterior, lateral gastrocnemius, medial gastrocnemius, soleus, vasti, rectus femoris, medial hamstrings, and lateral hamstrings still showed significant volume losses at 14 days after bed rest. The volumes of these muscles were recovered by 90 days after bed rest, with the exception of flexor hallucis longus, which recovered by the final measurement time point 180 days after bed rest.
Only a few differences were seen in the muscle recovery rates when the data from muscle CSA along the entire length of the muscles were examined. In the lateral gastrocnemius, atrophy persisted at 55% to 70% of muscle length 90 days after bed rest (data not shown). Similarly, flexor digitorum longus was still smaller 90 days after bed rest at 25% to 35% of its length (data not shown). Also, atrophy of the adductor longus persisted at 40% to 60% of muscle length 14 days after bed rest (data not shown).
DISCUSSION
The current study found that, during prolonged bed rest, the majority of the lower-limb muscles (12 of a total of 19 muscles) showed differences in the extent of muscle atrophy along their length. The pattern of intramuscular atrophy was muscle specific. The correlation analyses showed that muscles do not necessarily atrophy most where muscle bulk is greatest. These data extend the finding that, not only do different muscles atrophy at different rates, but that individual regions of a muscle also respond nonuniformly during prolonged bed rest.
To understand differences in atrophy between different regions of an individual muscle, it is helpful to consider differences between synergistic muscles. In our study, the vasti atrophied more, or faster, than the rectus femoris. In combined knee and hip extension tasks, functional MRI (20, 33, 39) and electromyographic (43) studies have shown greater recruitment of the vasti than rectus femoris. MRI studies of muscle damage after exercise have suggested the vasti are recruited more than the rectus femoris during a sit-to-stand task (38) . Based on the existing literature, it is expected that the vasti are much more highly recruited during activities of daily life, such as standing up and walking, than the rectus femoris. Thus, during bed rest, it is probable that the overall daily loading of the vasti is reduced more than the rectus femoris, leading to greater atrophy of this muscle. Differences between muscles in their functions and how their usage changes during bed rest are likely to be responsible for different rates of atrophy in the different muscles we examined (see Ref. 13 for recent review).
Compartmentalization of function within muscles has been described previously (19) and likely plays the most important role for the intramuscular differences in atrophy that we observed within a number of different muscles. For example, the adductor magnus muscle atrophied most in its proximal third. Anatomically, adductor magnus has two parts: an extensor portion, originating at the ischial tuberosity, which is innervated by the sciatic nerve, and an adductor portion, originating from the pubic ramus and innervated by the obturator nerve (8) . In lower vertebrates, this extensor portion is actually a separate presemimembranosus muscle grouped with the hamstring muscles (25) , whereas, in human embryos, these two sections of the adductor magnus muscle develop separately and later fuse (8).
In the rectus femoris and vasti, greater atrophy was seen proximally in these muscles. Nonuniform recruitment within the quadriceps during loading tasks has been noted in functional MRI (4) and electromyographic (40) studies and may be an important factor in explaining our findings. A further explanation could be found in data from anatomical studies, which have noted that at the distal half of the rectus femoris there is a separate "muscle within a muscle" (22) and that the blood and nerve supply of this muscle are typically split into distal and proximal portions (44) .
In the triceps surae, the soleus atrophied consistently along its entire length; however, both heads of gastrocnemius atrophied more so in their distal parts. Functional MRI (27, 34) and electromyographic (27) studies on the triceps surae have shown intramuscular differences in recruitment of the gastrocnemius medialis but not in the soleus. Another study (42) has also demonstrated regional intramuscular differences in activation of the gastrocnemius lateralis muscle during a knee flexionextension task in standing. Furthermore, three anatomical compartments of this muscle have been described (35) . These anatomically distinct sections of a muscle and regionalization of function within muscles may well lie behind the intramuscular differences in atrophy that we observed in triceps surae.
Similarly, the tibialis anterior has been described as being divided anatomically into two proximal heads, one superficial and one deep, which have longitudinally orientated fibers and a distal head with obliquely oriented fibers (41) . This anatomical compartmentalization may play a role in the differences in atrophy that we observed in the tibialis anterior muscle where greatest losses of CSA occurred between 10% and 55% of its length.
Although it should be stressed for the sartorius muscle that the differences between muscle sections in terms of atrophy were not significant, it is nonetheless interesting that atrophy was most prominent in its proximal and distal thirds. That subsections of the sartorius play different functional roles that have been well described in cats (24) . Although there are no electromyographic or functional MRI investigations in humans on functional compartmentalization in this muscle, anatomical studies have often sub-divided the blood and nerve supply to this muscle into proximal, middle, and distal portions (15, 45) . The majority of its fibers do not extend from origin to insertion as in a number of other muscles, but rather are restricted to one-or two-thirds of its length and are hence placed in series (21) .
Hence, our argument in interpreting and explaining our findings is that the function of a muscle, or a subregion of it, in daily life and the consequent change in activity due to bed rest is the most important factor in determining what extent of muscle atrophy occurs. Quantifying this function during daily life and then correlating the change of function in bed rest with the atrophy that occurs is, of course, a very difficult task. For a number of muscles, we could not find information in the literature on intramuscular compartmentalization, be it functional or anatomical. For those muscles, the current findings on intramuscular atrophy could help spur further work on understanding the function of these muscles.
One might be tempted to try to explain the differences in muscle atrophy based on muscle size, fiber type percentages, pennation angles, muscle spindle innervation patterns, and other variables. We have attempted such correlations in prior work (13) by comparing our results to prior published data, but with limited success. In future work, one could investigate and measure all these variables in the same set of subjects as an attempt to explain the findings of intramuscular differential atrophy. In any case, we caution the reader against examining these other factors to find a "cause". In our opinion, these characteristics of muscles reflect the function of a muscle; the adaptation of muscle architecture in response to hypertrophic overload (37) and unloading (17) underscore this idea.
The current study also gives insight into the recovery of the musculature after prolonged inactivity. The duration of recovery differed between muscles. The process of recovery was largely complete by 3 mo after bed rest and finalized 6 mo after bed rest. Prior data (see discussion section of Ref. 10 for review) had suggested that late in recovery some muscles may end up being larger than before bed rest. These prior data were typically based on individual CSA measurements. In our data, the tibialis anterior muscle became shorter during bed rest, and this was associated with increases in muscle CSA at its distal end. Because this muscle atrophied overall, we speculate that a change in muscle "shape" drove the increases in muscle size at its distal end. In recovery also, a number of muscles shortened, and this was also associated with increases in CSA, typically at the distal end (data not shown). This may help to explain prior findings of greater muscle CSA after in late recovery after bed rest. Overall, the current data show that lower-limb muscle volume returned to pre-bed rest levels within 6 mo after bed rest and did not show any "hypertrophy" after bed rest.
The results of the current study have some clinical relevance. It is likely that individuals who are subject to bed rest as part of medical care or undergo prolonged periods of limb disuse (e.g., extended use of crutches) will show similar patterns of muscle atrophy. The current data help to define which muscles would be most affected in such patients, which will then influence exercise selection during rehabilitation. For example, implementing a leg press exercise, involving hip and knee extension, rather than isolated knee extension or hip adduction will activate muscles such as the vasti and extensor portion of adductor magnus (20) without strongly activating their synergists, such as rectus femoris and adductor longus, which in turn, are not strongly affected by immobilization. Although it should be kept in mind that joint position during immobilization or fixation of individual joints impacts on individual muscle changes (23) , patients subject to joint immobilization, such as after bone fracture or joint surgery, could show similar patterns of muscle atrophy.
The current study also has some methodological implications. First, measuring the muscle volume as a whole will miss some information on intramuscular differences in atrophy in most muscles. Conversely, where only a few images are taken at a specific section of a muscle, this will often not perfectly reflect changes in the muscle as a whole or in other sections of the same muscle.
It is important to mention some of the limitations of the current study. As is typical of bed rest studies, the number of subjects was limited due to logistical and financial restraints. Due to the limited number of subjects, some nonsignificant results for intramuscular atrophy may represent false negatives. Conversely, although we reduced our threshold for statistical significance to 0.01, rather than the more typical 0.05, there is still the possibility that some findings may represent false positives. Differences in muscle size correlate to differences in maximum voluntary force (28) . It is therefore reasonable to assume that the relative differences between synergists in muscle atrophy observed in the current study may alter the normal balance between individual muscles during force production. However, the presence of such functional differences would need to be evaluated in future work. Also, the large, and typically highly variable, changes at the ends of the muscles should be viewed with some skepticism; due to the small size of the muscle at the distal ends, measurement variability will be comparatively higher. It should be stressed that increases in muscle size at the distal and proximal ends of some muscles may not be of functional relevance and more likely relate to the shortening of the muscle with a subsequent change in muscle shape. Variations from one day to the next in joint positioning in the MRI scanner, with subsequent variability in muscle length and shape, could also have played a role in the large variability of the measurements at the distal ends of the muscle. Also, the measurement of muscle length was based on the number of slices in which the muscle was present. In the future, more precise measures of muscle length could be obtained via MRI images along the length of each muscle. The exponential decay modeling of muscle volume loss in bed rest would have been better performed with three or more measurement time points during bed rest. Due to logistical reasons, we were limited to two scanning sessions per subject during bed rest. The MRI measurements implemented in the current study quantified overall muscle size and could not differentiate between muscle fiber, connective tissue, fat, and fluid within muscles. No doubt, there is not a 1:1 relationship between changes in muscle size and changes in muscle tissue subcomponents. A next research step would be to attempt to separate out these different components in the bed rest model of muscle atrophy.
In conclusion, to the best of our knowledge, the current study is the first to examine the topic of differential atrophy within muscles during bed rest or similar models (spaceflight, lower limb suspension) in such a wide range of lower-limb muscles. We found that intramuscular differences in the extent of atrophy during bed rest occurred in the adductor magnus, vasti, lateral hamstrings, medial hamstrings, rectus femoris, medial gastrocnemius, lateral gastrocnemius, tibialis posterior, flexor hallucis longus, flexor digitorum longus, peroneals, and tibialis anterior muscles. In the adductor longus and sartorius muscles, there was a statistical trend suggesting that different muscle subcompartments atrophied nonuniformly. In contrast, for the soleus, adductor brevis, gracilis, pectineus, and extensor digitorum longus muscles, when atrophy occurred, it was uniform throughout the muscle.
